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I n t roc! uc ti on 

The o b j e c t  of t h e  present  work was t o  at tempt  il fundamental d e s c r i p t i o n  o f  l i g n i n  
the rmo lys i s .  Th is  was mot ivated by a r e c o g n i t i o n  t h a t  t he  increased use of biomass 
and low-rank coal  resources must be accompanied by an enhanced underztanding of t h e  
fac to rs  which i n f l u m c e  t h e i r  thermal processif in. 
o f  biomass, and has a d i r e c t  e v o l u t i o n a r y  l i i i k a c y  t o  peat  and l i g n i t i c  coals ,  
i n s i g h t s  i n t o  i t s  t he rmo lys i s  should prove r e l e v a n t  t o  the p r a c t i c a l  py ro l yses  of 
bo th  biomass and coal .  

Our i n v e s t i g a t i o n  comprised t h r e e  major components. F i r s t ,  a c r i t i c a l  examination 
o f  l i g n i n  s t r u c t u r e  and chemist ry  was undertaken t o  d i sce rn  the  most l i k e l y  thermol-  
y s i s  r e a c t i o n  pathways. Second, based on the  foregoing,  model compounds mimicking 
the  e s s e n t i a l  r e a c t i v e  m o i t i e s  i n  the  l i g n i n  subs t ra te  were se lec ted  and pyro lysed.  
Th i rd ,  and f i n a l l y ,  r e a c t i o n  pathways sugqested by the  model compound s t u d i e s  were 
coupled w i t h  a s t r u c t u r a l  a n a l y s i s  o f  l i c n i n  t o  formulate a mathematical nodel 
which s imulated the e s s e n t i a l  f ea tu res  r?f ' l i g n i n  thermolys is .  TI-? r?r?se:it paper 
w i l l  focus on the  mode l l i ng  o f  l i g n i n  thermolys is ;  a specia l  e f F o r t  i s  w d a  t o  
compare our  model r e s u l t s  w i t h  experimental data from 1 i g n i n  t k w i n l y s t ? ?  p m v i o u s l y  
repo r ted  i n  the  l i t e r a t u r e .  

I n  o u t l i n e  o f  what fo l l ows ,  ou r  approach t o  t h e  problem i s  descr ibed f i r s t .  Th is  
i nc ludes  an a n a l y s i s  o f  l i g n i n  s t r u c t u r e ;  t h e  choice o f  model compounds w i t h  a 
summary o f  t h e i r  exper imen ta l l y -asce r ta ined  p y r o l y s i s  pathways; and the l o g i c  and 
mathematics o f  t h e  l i g n i n  the rmo lys i s  s imu la t i on .  Representat ive r e s u l t s  a re  
presented next, the s imulated l i g n i n  thermolyses being descr ibed by the t ime-  
e v o l u t i o n  o f  products ,  i n c l u d i n g  gases, aqueous l i q u i d s ,  phenol ic  t a r s ,  and res idue  
(cha r ) .  
compared w i t h  
going product  f r a c t i o n s .  

Since l i g n i n  i s  a major component 

We conclude w i t h  a d i scuss ion  wherein t h e  r e s u l t s  o f  our s i m u l a t i o n  are 
experimental data repo r ted  i n  the l i t e r a t u r e  f o r  each o f  t h e  f o r e -  

L i g n i n  S t r u c t u r e  

L i g n i n  i s  a n a t u r a l  pheno l i c  polymer formed by an enzyme- in i t i a ted  random f r e e -  
r a d i c a l  co-polymer izat ion o f  c o n i f e r y l ,  s i napy l  and coumaryl a l coho l  monomers. The 
a v a i l a b l e  i n f o r m a t i o n  concern ing l i g n i n  s t r u c t u r e  i s  best  summarized i n  Freudenberg's 
(1) c l a s s i c  d e p i c t i o n  o f  "a r e p r e s e n t a t i v e  p o r t i o n  o f  spruce l i o n i n " ,  shown i n  
F igu re  1, which was the  s t a r t i n g  p o i n t  f o r  t h e  present  i n v e s t i o a t i o n .  
formula should n o t  be i n t e r p r e t e d  as a l i t e r a l  chemical s t r u c t u r e  f o r  l i q n i n  b u t  
r a t h e r  as a schematic d e p i c t i o n  o f  t h e  bond types and p ropor t i ons  found t h e r e i n  by 
experiments (1. 2, A) .  
Analys is  o f  Freudenberg's formula l e d  t o  i t s  c h a r a c t e r i z a t i o n  a lonq the f o l l o w i n g  
l i n e s .  Each aromatic u n i t ,  a r i s i n g  from a monomer, possesses i n  general a s e t  o f  
propanoid (3-carbon-atom) and methoxy-phenol subs t i t uen ts .  These aromat ic  u n i t s  
a r e  connected by e i g h t  types o f  i n t e r u n i t  l i nkages .  
t he  B - e t h e r i f i e d  guaiacy l  g l y c e r o l  moiety ,  as occurs between the  methoxyphenol of 
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u n i t  6 i n  F igure 1. Other l i nkages  found, i n  descending frequency o f  occurrence, are 
a-ether  ( u n i t s  3-4), diphenylmethane ( u n i t s  2-3), d iphenylether  ( u n i t s  6-7) ,  biphenyl 
( u n i t s  9-10), p i n o r e s i n o l  ( u n i t s  8-9), and phenylcoumaran ( u n i t s  17-18). An essen t ia l  
feature o f  l i g n i n  s t r u c t u r e  i s  t h a t  t he  propanoid and methoxy henol subs t i t uen ts  on 
a g i ven  aromatic u n i t  a r e  e s s e n t i a l l y  independent of one anotRer s ince they are never 
i nvo l ved  i n  bonding w i th  each o t h e r .  Thus, t h e  p r o b a b i l i t y  t h a t  an aromatic u n i t  
should con ta in  a propanoid s u b s t i t u e n t  o f  t ype  k and a methoxyphenol o f  type ,j i s  
t he  product  o f  t he  i n d i v i d u a l  p r o b a b i l i t i e s  o f  t he  occurrence o f  k and j, as given 
i n  F igure 1. 

The fo rego ing  p r o b a b i l i s t i c  i n t e r p r e t a t i o n  o f  Freudenberg's l i g n i n  formula i s  reduced 
t o  an aromatic u n i t  m a t r i x  A i n  F igure 2. 
number o f  aromatic u n i t s  which possess t ype  j methoxyphenol and t ype  k propanoid 
subs t i t uen ts .  
l i g n i n ;  these can o r i g i n a t e  f rom each o f  t h e  t h r e e  l i g n i n  monomers and w i t h i n  these 
t h e  pheno l i c  moiely may e i t h e r  be f r e e  o r  e t h e r i f i e d  i n  any o f  f o u r  forms, namely 
phenethyl phenyl e the r ,  benzyl phenyl e the r ,  phenyl e t h e r  and phenyl coumaran. Each 
column o f  the m a t r i x  represents  a 3-carbon-atom propanoid s ide  chain,  r e s p e c t i v e l y  
gua iacy l  g l y c e r o l  (B-ether, a@-ether, a-phenyl & e t h e r ) ,  phenyl hydroxy acetone, 
cinnamaldehyde, p i n o r e s i n o l ,  conidendr ino id lactone,  and phenylcoumaran. 

The m a t r i x  A o f  F igu re  2 serves th ree  purposes. 
t a i n e d  i n  i t s  rows and columns a r e  the bas i s  f o r  s e l e c t i o n  o f  model compounds 
r e l e v a n t  t o  l i g n i n  the rmo lys i s .  
a concise p r o b a b i l i s t i c  d e s c r i p t i o n  o f  t he  l i g n i n  subs t ra te .  
t h a t  t h e  present  A-matr ix  r e f e r s  t o  the p r o t o t y p i c a l  spruce l i g n i n  descr ibed by 
Freudenberg's formula;  i n  t h e  more general case, & w i l l  be a f u n c t i o n  o f  l i g n i n  
o r i g i n . )  Th i rd ,  as we s h a l l  s h o r t l y  f i n d ,  l i g n i n  thermolys is  g e n e r a l l y  leaves 
aromat ic  u n i t s  i n t a c t  w h i l e  a l t e r i n g  the  s u b s t i t u e n t s ;  a n a t u r a l  extens ion o f  t he  
A-matr ix  t o  account f o r  a l l  p o s s i b l e  products  from the rmo lys i s  o f  t h e  mo ie t i es  i n  
i t s  rows and columns can then be used t o  unambiguously c h r o n i c l e  l i g n i n  thermolys is  
i n  terms o f  t h e  s u b s t i t u e n t s  associated a t  any t ime  w i t h  each o f  t h e  o r i g i n a l  
(conserved) aromat ic  u n i t s  o f  t he  l i g n i n  subs t ra te .  

Each m a t r i x  element a j k  represents  the 

Each row of t h e  m a t r i x  represents  a s p e c i f i c  methoxyphenol found i n  

F i r s t ,  t he  chemical mo ie t i es  con- 

(Note, i n c i d e n t a l l y ,  
Second, t h e  numerical values o f  each element o f f e r  

Model Pathways 

Wodel compounds s e l e c t e d  t o  mimic the  thermal reac t i ons  o f  l i g n i n  a re  l i s t e d  i n  
Table 1. For each e n t r y ,  t h e  t a b l e  l i s t s  an abbrev iated name, chemical s t r u c t u r e ,  
t h e  aspect o f  l i g n i n  s t r u c t u r e  modelled, and experimental p y r o l y s i s  cond i t i ons  of 
temperature, h o l d i n g  t i m e ,  and i n i t i a l  concen t ra t i on .  I t  can be v e r i f i e d  t h a t  the 
e n t r i e s  i n  Table 1 model most o f  t h e  i n t e r u n i t  l i nkages  ( I L ) ,  methoxyphenol 
s u b s t i t u e n t s  (MP), and propanoid chains (PC) which appear i n  F igure 1. 
PPE models t h e  B-ether l i n k a g e  most p reva len t  i n  l i g n i n ;  guaiacol  models the  
methoxyphenol s u b s t i t u e n t  assoc iated w i t h  c o n i f e r y l  a l coho l  which i s  t h e  dominant 
monomer i n  spruce l i g n i n ;  v e r a t r o l e  models an e t h e r i f i e d  methoxyphenol; cinnamyl 
a l coho l  models a propanoid cha in  s u b s t i t u e n t ,  as do cinnamaldehyde, iso-euqenol, and 
acetophenone. 
mo ie t i es  which, w h i l e  n o t  o r i g i n a l l y  present  i n  l i g n i n ,  a r i s e  d u r i n g  i t s  thermolys is ;  
f o r  example, s a l i g e n o l  models a propanoid enol  mo ie ty  r e s u l t i n q  from t h e  pr imary 
r e v e r s i o n  o f  a g u a i a c y l - g l y c e r o l  @-ether .  S t i l l  o the r  compounds i n  Table 1, such as 
an iso le ,  served as c o n t r o l s  i n  the  mechanis t ic  i n t e r p r e t a t i o n  o f  t he  model pyro lyses.  

Resul ts  o f  t h e  model compound pyro lyses a r e  summarized i n  Table 2. 
s t r a t e ,  the t a b l e  d e l i n e a t e s  t h e  observed p y r o l y s i s  pathways, t h e i r  assoc iated 
products ,  and r e a c t i o n  k i n e t i c s .  
secondary pathways, i n v o l v i n g  reac t i ons  o f  a pr imary product ,  a r e  des i  nated w i t h  an 

E*(kcal /mol ) )  f o r  p s e u d o - f i r s t  order  r e a c t i o n ;  a c t u a l  r e a c t i o n  orgers,  where 
exper imen ta l l y  asce r ta ined ,  arequoted i n  t h e  f i n a l  column o f  t h e  t a b l e .  
example, i n  e n t r y  1, PPE decomposes by p r imary  r e a c t i o n  R1 t o  phenol and s tyrene 

S p e c i f i c a l l y ,  

Note a l s o  t h a t  some o f  t he  compounds i n  Table 1 were chosen t o  model 

For each sub- 

Primary pathways are des ignated w i t h  an R w h i l e  

S. React ion k i n e t i c s  a r e  descr ibed by Arrhenius parameters ( l o g l  A ( s -  9 ), 
As an 
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products; the associated Arrhenius parameters a re  (11.1, 45.0) and the reaction was 
experimentally found to  be f i r s t  order in PPE; fur ther ,  the styrene product of R 1  
undergoes secondary reaction S1 t o  form ethyl benzene, toluene, and benzene. The 
data Presented in Table 2 now permit a quant i ta t ive description of reaction pathways 
and kinetics in  lignin thermolysis. 

Simulation of Lignin Thermolysis 

The logic employed in our simulation of lignin thermolysis i s  depicted in Figure 3. 
Consider f i r s t  some typical transformations experienced by a lignoid aromatic uni t  
as  shown in Figure 3a. 
element a During thermolysis, suppose the propanoid 
chain of !’is sequentially subjected t o  &ether  reversion, pathway R 1 : P P E  i n  Table 2 ,  
and enol product dehydration, by pathway R1:SAL in Table 2 .  
the substrate I wi l l ,  in p a r t ,  be transformed to  the intermediate product 11 with 
concurrent evolution of water. However, 11 can fur ther  react by parallel pathways 
R1 :CAD and R1 :GLIA, respectively leading t o  propanoid chain decarbonylation and 
methoxyphenol demethanation; t h u s  a t  some fur ther  time t p .  I1  w i l l ,  in p a r t ,  be 
transformed t o  111, with concurrent evolution of carbon monoxide and methane. 
should be noted that  in Figure 3a, the original aromatic ring remains in tac t  while 
i t s  propanoid chain and methoxyphenol substituents are variously a1 tered, chronic1 ing 
the course of thermolysis. In mathematical terms, each s u k t i t u e n t  contained in  
the original A matrix gives r i s e  t o  a new s e t  of substituents t h a t  represent i t s  
thermolysis according t o  the pathways given in  Table 2 .  
(aromatic un i t s )  of the original element a j k  of A are  conserved while beinq 
redistributed into the elements Pmn of a new (product)-matrix which represents 
a l l  possible subst i tuents  tha t  can a r i s e  from the original s e t .  
will show t h a t  A i s  rea l ly  a submatrix (the t o p  l e f t  corner, say) of E. 
fur ther  detai l  into the nature of the !-matrix, and the methods for  product accounting, 
i s  given in Figure 3b. Consider the coniferaldehyde uni t  I 1  in  l ignin,  undergoing 
thermolysis. I n  Figure 3a, for  s implici ty ,  t h i s  was shown t o  react  by two parallel 
pathways; however, in pract ice ,  i t  will undergo a l l  possible reactions accessible 
t o  i t s  methoxyphenol a n d  propanoid chain subst i tuents .  Since these subst i tuents  
are independent, the products will be formed by a superposition of the type shown in 
Figure 3b. The methoxyphenol in I1 i s  modelled by quaiacol A ,  which can pyrolyse b,v 
pathways R 1 :  GUA and R2: GUA of Table 2 t o  catechol B and phenol C .  
chain in I 1  i s  modelled by cinnamaldehyde D which can pyrolyse by R 1 :  CAD t o  styrene 
E .  Thermolysis of I 1  will then form a l l  of the products shown in Fiqure 3b (and the i r  
associated gases) ,  in  amounts commensurate with the lkinetics of the pathways involved. 

The foregoing chemical logic was employed to mathematically simulate a constant 
volume batch pyrolysis of l ignin.  
equations, which described the time-variation o f  aromatic u n i t  subst i tuents ,  were 
solved numerically from a n  i n i t i a l  condition representing Freudenberg’s spruce 
lignin. 
t o  a l l  other subst i tuents ,  so t h a t :  

I n i t i a l l y  (time t =O), t h i s  unit I will be recognized as  
of the spruce lignin matrix A. 

A t  some time t , then ,  

I t  

A t  any time, the contents 

A l i t t l e  ref lect ion 
Some 

The propanoid 

In t h i s  simulation, a s e t  of d i f fe ren t ia l  

The r a t e  of change of a given substituent was, in general, proportional 

Differential Equations: dX/dt  = EX; dY/dt  = LY (1  1 
( 2 )  I n i t i a l  Condition: 

In these the vector X represents a l l  methoxyphenol-related substituents while vector 
Y represents propanoid chain-related substituents: these a r e ,  respectively, the 
rows and columns of the product matrix P .  
part from Table 2 ,  respectively c o n t a i n t h e  kinetic ra tecons tan ts  o f  those chemical 
reactions producing the components of vectors X and  Y .  
coincide with the sums of each row and column in the matrix 5, depictinq the lignin 
substrate ,  Values of the vectors X and Y a t  any subsequent time t are  a consequence 
of a l l  possible chemical transformations embodied in  the matrices K and  L .  The 
contents of a n  element pmn of the product matrix P then show the number Gf aromatic 

X = Xo, Y = Y o  a t  t = 0 

The matrices K and  L ,  derived in  large 

The i n i t i a l  values X o ,  Y o  
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u n i t s  w i t h  methoxy-phenol r e l a t e d  s u b s t i t u e n t  m and propanoid cha in - re la ted  sub- 
s t i t u e n t  n. 
o f  product  pmo as e i t h e r  t a r  ( s i n g l e - r i n g  aromatic u n i t )  o r  res idue  ( m u l t i p l e  aromat ic  
r i n g s ) .  
a v a i l a b l e  (4). 
Resul ts  

Thermolysis o f  t h e  p r o t o t y p i c a l  spruce l i g n i n  of F igure 1 was s imu la t  d a t  temperatures 

r e s p e c t i v e l y .  
me t i c  p l o t  o f  p roduc t  y i e l d ,  expressed as weight  pe rcen t  o f  o r i g i n a l  l i g n i n  subst rate,  
versus t ime. Four p roduc t  f r a c t i o n s ,  namely, gas, aqueous l i q u i d s ,  phenol ic  l i q u i d s  
and carbonaceous res idue,  w i l l  be considered. 

I n  regard t o  gas e v o l u t i o n ,  t h e  s i m u l a t i o n  accounts f o r  methane and carbnn monoxide. 
I n  the  uppermost s e c t i o n  o f  F i g u r e  4 i t  can be seen t h a t  bo th  gases evolve f a s t  
i n i t i a l l y  and then  more s lowly ,  a t t a i n i n g  asymptot ic  y i e l d s  o f  c i r c a  6 wt %, w i t h  
methane s l i g h t l y  exceeding CO. The methane a r i s e s  p r i m a r i l y  f r o m  quaiacy types o f  
methoxyphenol mo ie t i es ,  both those which are i n i t i a l l y  present  w i t h  a f r e e  hydroxy l  
and those which a r i s e  by r e v e r s i o n  o f  e t h e r i f i e d  hyd roxy l s .  The C O  o r i g i n a t e s  b o t h  
from t h e  decarbonylat ion o f  ca rbony l - con ta in ing  propanoid chains and, t o  a l e s s e r  
ex ten t ,  from t h e  demethoxy lat ion o f  methoxyphenols. An account o f  these dual s i t e s  
f o r  CO re lease possessing q u i t e  d i f f e r e n t  a c t i v a t i o n  energ ies r e l a t i v e  t o  the s i t e s  
fo r  CH4 release, the s i m u l a t i o n  p r e d i c t s  t h a t  t he  r a t i o  o f  CO/CHq should be >1 a t  
low temperatures and conversions, <1 a t  moderate temperatures and conversions (as 
i n  F igu re  4) ,  and then again >1 a t  h i g h  temperatures. 

Among aqueous l i q u i d s ,  t he  s i m u l a t i o n  accounts f o r  water  and methanol. As seen i n  
the  second ( f rom top )  s e c t i o n  of  F igure 4, t he  water  y i e l d  increases monotonica l ly ,  
bu t  w i th  decreasing s lope,  t o  an u l t i m a t e  va lue o f  %5 w t  5:. The water  a r i s e s  f rom 
two sources; predominant ly  i t  i s  formed from dehydrat ion o f  enol u n i t s  which r e s u l t  
a f t e r  8-ether reve rs ion ;  minor amounts a l so  a r i s e  from degradat ion o f  cinnamyl- 
a l coho l  types o f  propanoid chains.  
about 0.1 w t  %. This  r a t h e r  smal l  va lue comes about because, i n  t h e  s imu la t i on ,  
methanol a r i ses  s o l e l y  from cinnamyl a lcohol  mo ie t i es ,  which a re  r e l a t i v e l y  r a r e  i n  
l i g n i n ;  f u r t h e r ,  the methanol-forming pathway i s  i t s e l f  r e l a t i v e l y  minor amongst 
cinnamylalcohol p y r o l y s i s  pathways. 

The phenol ic  l i q u i d s  f r a c t i o n  o f  our s imulated l i g n i n  the rmo lys i s  inc luded some 
f i f t y  i n d i v i d u a l  pheno l i c  compounds. The fo rma t ion  versus t i m e  f o r  two se ts  o f  
pheno l i c  products  i s  shown i n  the  two lowest sec t i ons  o f  F igu re  4. I n  the upper o f  
these two sec t i ons ,  i t  can be seen t h a t  the gua iaco l  p roduc t i on  increases i n i t i a l l y ,  
reaches a maximum, and then decreases towards zero a t  l o n g  t imes; t he  catechol  
product ion increases s l o w l y  a t  low t imes but  more s t r o n g l y  a t  l onger  times; phenol 
product ion increases mono ton ica l l y  w i t h  i nc reas ing  t ime but  always remains l e s s  than 
ca techo l .  Q u a l i t a t i v e l y  the same behavior i s  e x h i b i t e d  i n  t h e  lowest  sec t i on  o f  
F igure 4 by methy lgua ico l ,  methy lcatechol  , and para-cresol  products ,  each o f  which 
i s  the me thy l - subs t i t u ted  analogue o f  the preceding products ;  note however t h a t  
y i e l d s  o f  t h e  m e t h y l - s u b s t i t u t e d  phenols are almost an o rde r  o f  magnitude h ighe r  
than those of t h e i r  u n s u b s t i t u t e d  homologues. 
F igure 4 a r i s e  from t h e  f o l l o w i n g  considerat ions.  
d i r e c t l y  i n  l i g n i n ,  and f u r t h e r  a r i s e s  from r e v e r s i o n  o f  e t h e r i f i e d  methoxy-phenols; 
assoc iated w i t h  these guaiacy l  u n i t s  a re  var ious propanoid chains,  a l s o  s u b j e c t  t o  
degradation. 
Primary guaiacol products ,  degrading t o  v i n y l  guaiacol ,  and hence t o  e t h y l - ,  methy l - ,  
and unsubs t i t u ted  gua ico l .  Fu r the r ,  each g u a i c y l  mo ie ty  i s  capable o f  demethanation 
and demethoxylat ion, which r e s p e c t i v e l y  y i e l d  the corresponding catechol  and phenol. 
Each guaiacol  p roduc t  thus possesses pathways f o r  f o rma t ion  and des t ruc t i on ,  r e s u l t i n g  
i n  the c h a r a c t e r i s t i c  y i e l d  maxima seen i n  F iqu re  4. From t h e  foregoing,  ca techo ls  

The na tu re  o f  s u b s t i t u e n t s  m and n f u r t h e r  pe rm i t s  t h e  c l a s s i f i c a t i o n  

D e t a i l s  o f  t h e  s i m u l a t i o n  l o g i c ,  mathematics, and numer ica l  eva lua t i on  a r e  

o f  300, 400, 500, and 6 0 0 C  t o  ho ld ing  times of  l o4 ,  lo4,  l o 2 ,  and 10 7 seconds, 
Representat ive r e s u l t s  a t  5 0 0 C  a re  presented i n  F iaure 4, an a r i t h -  

The u l t i m a t e  methanol y i e l d  p red ic ted  i s  o n l y  

Phenol ic  p roduc t  t rends  seen i n  
The gua iacy l  moiety  occurs 

Thus coni fera ldehyde and guaiacy l  v i n y l  ketone a re  t h e  most n e a r l y  
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are  seen t o  be secondary products, a r i s i n g  from guaiacy l  moiety  demethanation; t h i s  
causes t h e i r  i n i t i a l  p roduc t i on  t o  be slow b u t  a t  l ong  t imes they become the  dominant 
phenol ic  products .  
demethoxylat ion, noted above, and coumaryl a l coho l  monomer u n i t s  d i r e c t l y  i nco rpo ra ted  
i n  the l i g n i n ;  t h e  former source being o f  q rea te r  impor t .  Phenol s u b s t i t u t i o n  
pa t te rns  p a r a l l e l  those o f  guaiacol ,  w i t h  a l k y l  s ide-chains ranging from coumar- 
aldehyde t o  v i n y l - ,  e t h y l - ,  and unsubs t i t u ted  phenol. Y ie lds  o f  phenols r e l a t i v e  
t o  catechols  increase somewhat w i t h  i nc reas ing  temperature, s ince  guaiacy l  
demethoxylat ion i s  more h i g h l y  a c t i v a t e d  than pua iacy l  demethanation: liowever t h e  
absolute y i e l d s  o f  phenols always remained lower  than those o f  ca techo ls .  

F i n a l l y ,  phenols a r i s e  from two major sources, namely qua iacy l  

According t o  our  s imulat ion,  t he  carbonaceous res idue i s  comprised o f  a l l  aromat ic  
u n i t s  i nvo l ved  i n  i n t e r u n i t  bonding. I f  the  gas, aqueous l i q u i d ,  and pheno l i c  
product  f r a c t i o n s  a re  designated as v o l a t i l e ,  and a l l  m u l t i p l e  r i n g  aromat ics as 
non v o l a t i l e ,  then the  s imulated carbonaceous res idue f r a c t i o n  can be r e l a t e d  t o  
the weight  l o s s  t h a t  would be observed du r ing  l i g n i n  thermolys is .  
weight - loss versus t ime curves a re  shown by t h e  dashed l i n e s  i n  F igu re  5, which w i l l  
be more f u l l y  discussed i n  the  next  sec t i on .  

Such s imulated 

Discuss ion 

The d i scuss ion  w i l l  be con f ined  t o  comparisons between the  present  r e s u l t s  and 
prev ious l i t e r a t u r e ,  as embodied i n  the m a t r i x  o f  Table 3. In t he  r a m  o f  t h i s  ma- 
t r i x ,  t he  f o u r  major product  f r a c t i o n s  have been de l i nea ted  i n  terms o f  o v e r a l l  and 
c o n s t i t u e n t  component y i e l d s .  The m a t r i x  has s i x  columns, rep resen t ing  ou r  model 
p r e d i c t i o n s  and f i v e  sets o f  l i t e r a t u r e  references.  The l a t t e r  i nc ludes  t h e  
c o l l e c t e d  r e p o r t s  o f  several authors as summarized i n  re ference 4, t h e  data o f  
I a t r i d i s  and Gavalas ( 5 ) ,  o f  Kirshbaum @),and o f  Domburg (7, g. In each m a t r i x  
element, a numerical va lue o r  comment i n d i c a t e s  t h a t  i n f o r m a t i o n  r e l e v a n t  t o  t h a t  
row was repor ted,  whereas an ' X '  i m p l i e s  t h a t  i t  was n o t .  The p resen t  s i m u l a t i o n  
column 1, prov ides e n t r i e s  f o r  each r o w  save CO2 y i e l d .  The o v e r a l l  gas f r a c t i o n  
i s  the sum o f  CO and CHg; these a re  by f a r  t he  p reva len t  c o n s t i t u e n t s  o f  t h e  l i g n i n  
o f f -gas .  The aqueous d i s t i l l a t e  was composed o f  water and methanol on l y ;  acetone, 
a c e t i c  a c i d  and o t h e r  minor l i q u i d  products were n o t  i nc luded  i n  the s i m u l a t i o n .  
The phenol ic  f r a c t i o n  ccmprised the  sum o f  a l l  s i n g l e  r i n g  phenols; t h i s  o v e r a l l  
y i e l d  should correspond bes t  t o  the  o v e r a l l  t a r  y i e l d  repo r ted  i n  p y r o l y s i s  
experiments. F i n a l l y ,  t h e  carbonaceous res idue  f r a c t i o n  i s  composed o f  a l l  m u l t i p l e  
r i n g  aromatic u n i t s .  The i n v e s t i g a t i o n s  o f  c o l l e c t e d  authors (T), column 2, p rov ide  
d e t a i l e d  accounts o f  gas and aqueous d i s t i l l a t e  y i e l d s ,  and o v e r a l l  t a r  and char 
y i e l d s .  
i n v e s t i g a t i o n s ,  e n t r i e s  i n  t h i s  column a re  b e s t  considered the  asymptot ic  ' u l t i m a t e '  
y i e l d s  o f  d e s t r u c t i v e  d i s t i l l a t i o n s .  
obta ined i n  a r e a c t o r  designed t o  emphasize pr imary reac t i ons ,  p r o v i d i n g  d e t a i l e d  
temperature-t ime in fo rma t ion  and e n t r i e s  f o r  a l l  save water and o v e r a l l  aqueous 
d i s t i l l a t e  y i e l d s .  Kirshbaum 6 prov ided o v e r a l l  gas, phenol ics ,  and carbonaceous 

d e s c r i p t i o n  of phenol ic  product  spect ra and DTA/DTG weight  l o s s  data were g i ven  by 
DomburgQ, 8J. The d iscuss ion t o  f o l l o w  considers each row o f  Table 3; note t h a t  
a l l  y i e l d s  a re  i n  weight percent  o f  o r i g i n a l  l i g n i n  subs t ra te .  

The simulated o v e r a l l  gas f r a c t i o n  rose w i t h  i nc reas ing  t ime and temperature and 
u l t i m a t e l y  achieved a va lue o f  about 15% a t  600 C.  Th i s  compares favo rab ly  w i t h  
the  data of c o l l e c t e d  authors ( 4 )  i n  Table 3, where gas y i e l d s  ranged from about 
10-20%. 
t h i s  inc luded 7.2% Cop. As discussed below, t h i s  r a t h e r  h igh  CO2 con ten t  may be 
due t o  t h e i r  use o f  a K r a f t  l i g n i n .  
i n  good agreement both w i t h  the  s imu la t i on  and e a r l i e r  l i t e r a t u r e .  A d d i t i o n a l l y ,  
Kirshbaum r e p o r t s  t o t a l  gas (and losses)  y i e l d  o f  ~ 5 %  a t  250 C and %18% a t  600 C .  
The s imulated (CH4, CO) y i e l d s  a r e  r e s p e c t i v e l y  (6.0, 5.0) % a t  (500 C ,  100s) and 

Because d e t a i l e d  temperature-t ime i n f o r m a t i o n  i s  l a c k i n g  f o r  many of these 

The data o f  I a t r i d i s  and Gavalas (?)were 

res idue  y i e l d s ;  d e t a i l e d  pheno v. i c  product  spect ra were prov ided a lso.  D e t a i l e d  

I a t r i d i s  and Gavalas r e p o r t  an o v e r a l l  y i e l d  as h igh  as 23% a t  650 C ,  b u t  

Omi t t i ng  C02, t h e i r  o v e r a l l  gas y i e l d  i s  16%, 
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(6.1, 9.0) % a t  (600 C, 7 s ) ;  b o t h  these CH4 and CO yields are in substantial 
agreement with the col lected l i t e ra ture  (5) which provides ultimate ( C H 4 ,  C O )  y ie lds  
of (7 .0 ,  7.0) I. 
reference 5 ,  b u t ,  in terest ingly,  these authors report t h a t  the experimental CO/CH4 
r a t i o  variFd from about 2 . 3  a t  400 C t o  0.89 a t  500 C a n d  1.8 a t  600 C ,  which closely 
accords with the behavior of t h i s  ra t io  in our simulation. This was e a r l i e r  in te r -  
preted in terms of dual s i t e s  f o r  CO release from l ignin.  

The simulated overall yield of aqueous l iquids ,  based  on the sum of water and methanol 
yields ,  was about 6%, appreciably lower than the average yields  of %15% reported by 
the collected authors (4). Of the two individual components, the simulated water 
yields of 6% a r e  about half of the values reported in  the l i t e r a t u r e ,  although these 
l a t t e r  a re  often unreliable on account of water being physically associated with the 
lignin o r  introduced during i t s  isolat ion.  Simulated methanol yields  of 0.1% a r e  
a l so  substant ia l ly  lower than the yields of 0.28 t o  1.5% reported by the collected 
authors ( 4 ) .  I t  \40Uld appear that  fur ther  pathways for  both water a n d  methanol 
production need t o  be ident i f ied and incorporated in to  the present model of lignin 
thermolysis. 

The simulated overall yield of phenolic liquids ranged from 7 t o  80%. 
phenolic fraction yields  typical ly  range from 3 t o  30% ( 4 ) ,  although t a r  yields 
greater  t h a n  50% h a v e  been reported (9 ) .  
exceed experimental f o r  two l ikely reasons. F i r s t ,  many complex phenols in the tar 
fract ion are not experimentally identified and second, o u r  simulation did not con- 
s ider  the condensation and polymerization reactions which might lower the yield of 
single ring phenols i n  practice. I n  regard to  individual phenols, the present 
simulation predicts  most of the t h i r t y  phenols which have been detected in the 
l i t e r a t u r e  (6, 7, E).  
agree with experimental values t o  w i t h  a half a n  order of magnitude. 
l a r ly  noteworthy t h a t  deviations between the present simulation a n d  experiments a r e  
no greater  than deviations between individual experiments. 

The simulated carbonaceous residue yields  of 91% a t  300 C and 104s and 40% a t  600 C 
and 7s compare favorably with the l i t e r a t u r e .  In Table 3 ,  ultimate tar yields from 
destructive d i s t i l l a t i o n  (5) were 40 t o  60%. I a t r i d i s  and Gavalas (5) report weight 
losses of 20% and 53% a t  400 and 600 C ,  respectively, corresponding t o  char yields  
of 80% a n d  47%. Kirshbaum (6) reports a char yield of 91% a t  250 Cand only 26% a t  
600 C.  
provides simulated carbonaceous residue yields  tha t  are i n  good accord with the 
experimental l i t e r a t u r e .  

Finally, simulated weight-loss kinetics, derived from the carbonaceous residue yields  
as n o t e d  e a r l i e r ,  are compared with the experimental data reported by Ia t r id i s  and 
Gavalas (5) i n  Figure 5. 
(dashed), accord well with the experimental weight loss curves ( s o l i d ) ,  b o t h  in 
regard t o  shape and absolute magnitudes. 
t h a t  the simulation was based en t i re ly  on our a pr ior i  description of lignin s t ruc-  
tu re ,  reaction pathways, and kinet ics ,  and incorporated no information derived from 
actual lignin thermolyses. Furthermore, the modest deviations between simulated 
and experimental weight loss curves in Figure 5 can reasonably be at t r ibuted t o  
differences between t h e  respective lignin substrates. 
Douglas for precipi ta ted Kraft 1 ignin, whereas the present simulation was based on 
Freudenberg's unperturbed "protolignin." Kraft pulping a l t e r s  the chemical nature 
of l ign in ,  resul t ing in increased internal condensations, with the original reactive 
a- and B-ether linkages transformed into less  reactive diphenyl-methane, ethane, a n d  
ethylene linkages; i t  a lso introduces carboxylic acid units into the lignin macro- 
molecule. The low temperature react ivi ty  of a Kraft lignin might be expected t o  be 
greater  t h a n  i t s  protolignin counterpart because of f a c i l e  C02 evolution from the  
carboxylic acid uni t s .  A t  higher temperatures and conversions, the react ivi ty  of 
a Kraft l ignin may well be lower than t h a t  of the protolignin since relat ively re- 

Simulated methane and CO yields  both somewhat exceed those of 

Experimental 

The simulated Fhenolic f ract ion yields 

I n  most cases ,  the simulated yields  o f  individual phenols 
I t  i s  particu- 

The present def in i t ion  of residue a s  multiple ring aromatics evidently 

I t  can be seen t h a t  the simulated weight loss  curves 

The observed agreement i s  noteworthy i n  

The au thor s  (5)  used a 
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f r a c t o r y  diphenylmethane, ethane and e thy lene  u n i t s  have rep laced t h e  o r i g i n a l  
r e a c t i v e a - a n d  B-ethers.  
I a t r i d i s  and Gavalas r e p o r t  CO2 y i e l d s  o f  5.9% a t  400 C and 1205, and 4.1% a t  600 C 
and 10s. These suggest a cons tan t  number o f  e a s i l y  decarboxy lated a c i d  s i t e s  i n  
t h e i r  subs t ra te .  Fur ther ,  t h e  au tho rs '  repo r ted  weight  l o s s  o f  20% a t  400 C and 
120s exceeds our  s imulated we igh t  loss o f  13% by an amount s u b s t a n t i a l l y  equal  t o  
t h e i r  CO2 y i e l d .  A t  600 C and 10s t h e  exper imenta l  weight  l o s s  co r rec ted  f o r  CO2 
i s  ~ 5 0 % ,  somewhat lower than  ou r  s imulated va lue o f  60% on account o f  t h e  reduced 
r e a c t i v i t y  o f  t h e i r  K r a f t  1 i g n i n .  

Summary and Conclusions 

Mathematical s i m u l a t i o n  o f  w h o l e - l i g n i n  pyro lyses,  a t  300 t o  600 C w i t h  h o l d i n g  t imes 
of 1 t o  104S, was achieved by combining a s t a t i s t i c a l  i n t e r p r e t a t i o n  o f  l i g n i n  s t r u c -  
t u r e  w i th  exper imenta l  r e s u l t s  o f  model compound pyro lyses.  
s imulat ions,  expressed i n  terms o f  product  f r a c t i o n s  as a percent  o f  i n i t i a l  l i g n i n  
was : 

( i )  Gas F rac t i on :  
p rev ious  experimental l i g n i n  pyro lyses;  respec t i ve  u, l t imate y i e l d s  t y p i c a l l y  15%, 6%, 
and 9% were i n  q u a n t i t a t i v e  agreement w i t h  t h e  l i t e r a t u r e .  
of (CH4/CO) r a t i o  w i t h  t ime  and temperature f u r t h e r  agreed w i t h  t h a t  r e c e n t l y  repor ted 
by I a t r i d i s  and Gavalas (5).  
(ii) Aqueous F rac t i on :  
experimental y i e l d s  o f  12%. 
magnitude lower  than t h e  l i t e r a t u r e  y i e l d s  o f  0.3-1.5%. 

( i i i )  Phenol ic  F rac t i on :  
h ighe r  than exper imen ta l l y  observed. 
i n d i v i d u a l  phenols repo r ted  i n  t h e  l i t e r a t u r e .  Simulated y i e l d s  o f  s imple i n d i v i d u a l  
guaiacols ,  cathechols, sy r i ngo ls ,  and phenols,  each nominal ly  2%, were w i t h i n  the  
band o f  values repo r ted  i n  t h e  l i t e r a t u r e .  

( i v )  Carbonaceous Residue: 
and 600 C were n e a r l y  c o i n c i d e n t  w i t h  t h e  experimental curves repo r ted  by I a t r i d i s  
and Gavalas (5) f o r  p y r o l y s i s  o f  a K r a f t  l i g n i n .  
between these curves, a t  bo th  low and h igh  temperatures, were t raced  t o  s t r u c t u r a l  
d i f f e r e n c e s  between t h e  r e s p e c t i v e  l i g n i n  subs t ra tes .  

References 

I n  t h e  l i g h t  o f  these asse r t i ons ,  i t  i s  i n t e r e s t i n g  t h a t  

The outcome o f  these 

Simulated o v e r a l l  gas, methane, and CO y i e l d s  accorded w i t h  

The s imulated v a r i a t i o n  

Simulated water y i e l d s  were t y p i c a l l y  about h a l f  t h e  r e p o r t e d  
Simulated methanol y i e l d s  were h a l f  an o rde r  o f  

Simulated o v e r a l l  pheno l i c  l i q u i d s  y i e l d s  were g e n e r a l l y  
The s i m u l a t i o n  accounted f o r  more than  t h i r t y  

Simulated curves o f  weight  l o s s  versus t ime  a t  400, 500, 

Also,  t h e  modest disagreements 

1. Freudenberg, K . ,  Neish, A.C., @ g t i _ _ t u t i o n _ n d  B-iosynthesis o f  Lign_i_n, 
Springer-Verlag, New York (1968).  

2 .  Ha rk in ,  J.M., i n  Ba t te rsby  and Tay lo r ,  Ox ida t i ve  Coupl ing o f  Phenols, 
Marcel-Dekker (1967).  

3. Sarkanen, K . V . ,  i n  Sarkanen, K.V., and Ludwig, C.H., eds., &ninsl>c_cu_r 
Formation, S t r u c t u r e  and Reactions, Wi ley In te rsc ience ,  New York, (1971) .  

4. K le in ,  M.T., Model Pathways i n  L i g n i n  Thermolysis, Sc.D. Thesis, Departmf 
of Chemical Engineering, M.I.T., Cambridge, Mass. (1981).  

5. I a t r i d i s ,  B .  and Gavalas, G.R., I & EC Prod. Res.  Dev., 18 ( 2 ) ,  127 ( 
6. Kirshbaum, I . Z . ,  Domburg, G . E . ,  Sergeeva, V.N., Khim. Dev. No. 4, 96 
7. Dovburg, G.E.,  Sergeeva, V.N.,Kalnish, A.I., Thermal Analys is ,  Vol .3  

(Proc. 3 rd  ICTA Davos (1971)) pp. 327-40, Burkhaeuser, Basel, (1972).  
8. Domburg, G.E. ,  Sergeeva, V.N. ,  J. Thermal. Anal.,  1, 53 (1969).  
9. Domburg, G.E. ,  Kirshbaum, I . ,  Sergeeva, V.N., Khim; Dev. 7,  51 (1971) 

979).  
1976) 

83 



a4 



0 

0 a- 

Y 8< >: 

x 
I x m 

Y) 

:: .- 

a. 
)9 0 

e 

e 

0 

9 

h 

0 

.-. 

X 

rr 

$ 
B 

E 
% 

2 8  
0 c, -a 
" 0  L 
Ln" - 0  

2(" 

L 
9 c 

c 
". 
W' 
c ..- .. 

% 

Y 

85 



FIGURE 1. MODEL OF SPRUCE LIGNIN STRUCTURE (F reudenberg ,  1 )  - 

FIGURE 2. AROMATIC UNIT MATRIX A FOR SPRUCE LIGNIN 
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FIGURE 3 .  LOGIC OF LIGNIN THERMOLYSIS SIMULATION. 

( a )  
( b )  Superpos i t ion  o f  Nodel Pathways. 

Thermal Transformation o f  Lignin Moiety. 
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